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ABSTRACT

It is now well established that extremely ultraviolet (EUV) mask multilayer roughness can lead to wafer-plane line-edge
roughness (LER) in lithography tools. It is also evident that this same effect leads to sensor plane variability in
inspection tools. This is true for both patterned mask and mask blank inspection. Here we evaluate mask roughness
specifications explicitly from the actinic inspection perspective. The mask roughness requirement resulting from this
analysis are consistent with previously described requirements based on lithographic LER.

In addition to model-based analysis, we also consider the characterization of multilayer mask roughness and evaluate the
validity of using atomic force microscopy (AFM) based measurements by direct comparison to EUV scatterometry
measurements as well as aerial image measurements on a series of high quality EUV masks. The results demonstrate a
significant discrepancy between AFM results and true EUV roughness as measured by actinic scattering.
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1. INTRODUCTION

The extremely short wavelength and reflective nature of extreme ultraviolet (EUV) lithography renders it much more
susceptible to surface roughness than is deep ultraviolet (DUV) lithography. Considering the phase error imparted to the
wavefront by the optical surface, we see that EUV is nearly 100x more sensitive to surface roughness than DUV. For
imaging optics, this translates to increased flare and much effort has been directed at reducing roughness to mitigate flare
[1]. For optical components conjugate to the image plane (such as the mask), however, roughness does not lead to flare,
but rather to speckle and ultimately line edge/width roughness (LER/LWR) in the lithography process [2-4]. Based on
ITRS requirements [5] and assumed error budgets, LER-limited patterning process window analysis has shown the EUV
mask roughness requirement to be on the order of 50 pm [6]. Mask roughness, however, also has implications on
defectivity and actinic inspection. In this paper we consider these additional impacts and their implications on mask
roughness requirements. Finally we consider mask roughness metrology and demonstrate the validity of the roughness
imaging models by direct comparison to EUV aerial image microscopes.

EUYV roughness on the mask can come from three primary sources, substrate roughness replicated through the multilayer
[6], coating induced roughness [7], and capping layer roughness [8]. Replicated substrate roughness is the most severe
since it geometrically maps to EUV phase roughness with an additional factor of 2 due to the reflection. Coating induced
roughness maps to both reflected phase and amplitude variations by way of the Bragg structure with the coupling
depending on the details of the coating process. Capping layer roughness also leads to reflected phase and amplitude
variations but by way of refraction and thus is the least severe of the three. Ultimately, all that matters is the total
effective EUV roughness. In the analysis to follow, we will ignore the reflected amplitude roughness term and consider
the total effective EUV phase roughness reporting it as a reflective surface height variation.
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2. THE IMPORTANCE OF DEFOCUS

The coupling of mask roughness to LWR is heavily dependent on defocus. This is because defocus leads to both
increased speckle contrast and decreased image log slope (ILS) which determines the extent to which the speckle
intensity variations couple to edge displacements. It is instructive to understand the relative importance of these two
terms: the plot in Fig. 1(a) shows the computed speckle contrast and the ILS assuming an ideal 0.33 numerical aperture
(NA) system imaging 22-nm lines and spaces with disk illumination (partial coherence of 0.7) and an assumed 75-pm of
roughness. Figure 1(b) shows the LWR degradation factor relative to the in focus position which is computed by
normalizing the RMS speckle contrast and inverse of the ILS, respectively. The results show that for defocus values
smaller than one Rayleigh unit [9], the change in speckle contrast is the dominant term.
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Fig. 1. (a) RMS speckle contrast and ILS assuming ideal 0.33 numerical aperture system imaging 22-nm lines and spaces with
disk illumination (partial coherence of 0.7) and assumed 75-pm roughness. (b) LER degradation factor relative to in focus
position computed by normalizing the speckle contrast and inverse ILS, respectively.

Simply using the degradation terms in Fig.1, one can accurately predict LWR trends through focus. The LWR is
expected to be proportional to the speckle contrast divided by the ILS. Figure 2 shows a comparison of the modeled
LWR through focus and this ratio. The full LWR modeling is performed as described in the literature [4] and results
show very good agreement. Thus speckle and ILS serve as very good metrics for the LWR degradation we are ultimately
concerned with. These results also demonstrate the importance of defocus in the process and that appropriate levels of
defocus must be considered when determining mask roughness requirements.
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3. ROUGHNESS AS DEFECTIVITY

The first alternative specification perspective we consider is the most direct and relies simply on the notion that mask
roughness can be viewed as a collection of random pit and bump defects. Given a statistical distribution for the
roughness, we can then find the probability of any peak or valley within that distribution exceeding the defined phase
defect specification. For example, considering the arbitrary rough surface in Fig. 3 which represents an RMS roughness
of 100 pm, we see that within this small 0.8 pm x 0.8 um area we already find a bump greater than 0.5-nm tall (circled).
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Fig. 3. 0.8 um x 0.8 um patch of rough surface with
an RMS height variation of 100 pm. Within this
small area we already find a bump greater than 0.5-
nm tall (circled).

To determine the expected number of roughness induced defects on a mask we assume an active mask area of 140 mm x
110 mm and a correlation width of 80 nm in mask coordinates as determined by EUV-based scattering characterization
of SEMATECH-provided mask blanks and assume Gaussian statistics for the roughness height. Taking the ratio of these
areas yields an estimate of the total number of independent potential defect sites on the mask. Table 1 shows the
resulting expected defect count per mask as a function of mask roughness and specified defect height limit. From this
analysis, assuming a tolerable defect height of 0.5 nm, we can tolerate up to approximately 90 pm of mask roughness.

Table 1. Expected roughness-induced defect count per mask as a function of
mask roughness (RSR) and target defect height.

Printable defect height (nm)

RSR (pm) 0.3
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4.72E+04
8.30E+05
7.44E+06
4.14E+07

3.95E+02
1.17E+04
1.64E+05

2.05E+02

Proc. of SPIE Vol. 9256 92560J-3

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 11/25/2014 Terms of Use: http://spiedl.or g/terms



4. PATTERNED MASK INSPECTION

Next we consider the case of patterned mask inspection. As discussed above, mask roughness on a patterned mask leads
to LWR and depending on the magnitude of the LWR, it may lead to critical dimension (CD) variations exceeding the
specified defect tolerance and be flagged as a defect. Following the method used in Section 3, we determine the expected
number of roughness induced defects on a patterned mask assuming an active mask area of 140 mm x 110 mm and a
correlation width of 80 nm in mask coordinates. Gaussian statistics are assumed for the roughness induced LWR and we
further assume the presence of 0.3-nm LWR (wafer coordinates) due to mask pattern LWR. The roughness and pattern
induced LWR terms are assumed to be uncorrelated and thus to add in quadrature. Table 2 shows the expected defect
count per mask as a function of mask roughness and specified critical dimension uniformity (CDU) requirement. Also
shown in the table is the amount of roughness-induced LWR corresponding to each roughness value. In determining the
LWR from the roughness, we assume an inspection NA of 0.17, disk illumination with a partial coherence of 0.5, and 1
Rayleigh unit of defocus. For a CDU requirement of 10%, we can only tolerate only up to approximately 45 pm of mask
roughness, at a CDU requirement of 20%, the value increases to approximately 100 pm.

Table 2. Expected roughness-induced defect count per mask in patterned mask inspection as a
function of mask roughness (RSR) and target CDU. Inspection imaging conditions: NA = 0.17,
partial coherence = 0.5, defocus = 1 Rayleigh unit

CDU Requirement
Speckle
RSR (pm) LV\';R ) 10% 20%
20 0.16
30 0.24
44 0.35
56 0.45 4.37E+03
69 0.55 3.40E+05
81 0.65 6.89E+06
94 0.75 5.83E+07
106 0.85 2.77E+08
119 0.95 8.90E+08 2.09E+02

4. DARKFIELD MASK BLANK INSPECTION

Next we consider darkfield mask blank inspection [10, 11]. In this case, the mask roughness again leads to speckle, but
the final recorded speckle is at significantly lower contrast due to the camera pixel size being considerably larger than
the speckle size. Nevertheless, given the imaging and detection conditions, the image speckle can be determined and
compared to the expected defect signal. Again using the method above, we determine the expected number of roughness
induced defects on a mask blank assuming an active mask area of 140 mm x 110 mm and a detection noise correlation
width of 519 nm in mask coordinates. This is determined from an assumed detector CCD pixel size of 13.5 mm and an
optical magnification of 26x. Since the actual speckle size is much smaller than the imaged pixel size, the pixel size
determines the effective correlation length. In computing the speckle and defect sensitivity, we assume an outer NA of
0.2, an inner NA (central obscuration) of 0.1, a partial coherence of 0.5 (illumination just fills the central obscuration) as
well as the magnification and pixel size quoted above. Note that in darkfield mode, the imaging characteristics are quite
insensitive to defocus. Table 3 shows the expected defect count per mask as a function of mask roughness and target
defect height. Achieving a defect sensitivity of 0.6 nm requires the roughness to be smaller than approximately 50 pm.
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Table 3. Expected roughness-induced defect count per mask in patterned mask inspection as a
function of mask roughness (RSR) and target defect height. Inspection imaging conditions:
NAw = 0.2, NA;,= 0.1, partial coherence = 0.5, magnification = 26X, pixel size = 13.5 um.

Target defect height (nm)
RSR (pm) . 0.6 0.8
5.28E+06

3.79E+08

2.63E+09  4.10E+05
7.24E+09  3.37E+07

1.30E+10 3.79E+08  7.92E+04
1.88E+10  1.59E+09  5.28E+06
2.40E+10 3.95E+09  7.04E+07  2.54E+04
2.84E+10  7.24E+09 3.79E+08 1.26E+06

5. MEASURING EUV ROUGHNESS

To date, characterization of mask roughness has typically been based on atomic force microscopy (AFM) of either the
substrate or the coating. Unfortunately, neither of these metrics are strictly representative of the true EUV roughness
which depends in large part on the roughness within the multilayer and how this roughness is correlated from layer to
layer, especially in the top 10 or so bilayers which contribute to the majority of the reflectivity. For example in Ref. [7],
full 3D modeling demonstrated that the depending on the specifics of the roughness evolution through the multilayer
stack, the resulting worst-case speckle could vary by as much as a factor of 4.

The deviation between AFM and EUV scattering (XRS) based characterization has been documented in the literature
[12] and an example of this deviation is shown in Fig. 4 which compares substrate AFM results to x-ray scattering
results. Depending on the starting roughness, we see errors as large as 100%.
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Even more insight can be obtained by comparison of the full roughness power spectrum as shown in Fig. 5. These results
were obtained from commercially supplied EUV mask substrates coated by SEMATECH in Albany NY. The AFM
results include both characterization of the substrate prior to coating as well as the top surface of the multilayer after
coating. We show the results for two different blanks: in one case the EUV roughness is considerably smaller than both
the substrate and multilayer AFM results whereas in a second case the EUV roughness lies between the two AFM
measurements. Again it is evident that AFM based results are not representative of the EUV roughness and that the error
furthermore varies with spatial frequency.
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Fig. 5. Direct comparison of the roughness power spectral density (PSD) for three different measurement methods: 1)
AFM of the substrate (Sub), AFM of the multilayer (ML), and EUV scatterometry (EUV). The results are from results
commercially supplied EUV mask substrates coated by SEMATECH in Albany NY. The numbers reported in the legends
represent the total measured RMS roughness.

5. AERIAL IMAGE VERIFICATION

The mask roughness requirements reported here and earlier rely on the validity of the speckle modeling [8]. This validity
has been lithographically demonstrated in the past, but only with very rough masks and extreme imaging conditions
allowing the intrinsic resist LER to be overwhelmed [13]. To test more realistic roughness and imaging conditions today,
however, we cannot rely on resists, but rather need to use EUV microscopy tools such as SHARP [14] and SERM [15].
The first example we consider is the SHARP-based measurement of EUV clear field speckle of the mask blank shown in
Fig. 5(a). The results in Fig. 6 show the speckle as a function of focus for two different coherence settings. The plots
show both the SHARP-measured RMS speckle contrast as well as the computed speckle contrast. The computed values
are determined using the EUV scattering based roughness measurement described above. Slight discrepancies can be
observed, but overall the agreement is quite good. We attribute the errors to possible aberrations in the tool and/or
illumination alignment errors.
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The next example we consider is the SERM-based measurement of LWR for a commercially supplied mask. The SERM
microscope is an EUV scanning probe microscope using zoneplate optics fabricated at the Center for X-ray Optics [16]
and a standalone commercial EUV high harmonic source [17]. We measure 22-nm lines and spaces (1x) using an
effective NA of 0.33 and a partial coherence of 0.9. To mitigate the effect of noise and help extract the small roughness-
induced LWR, we apply the repeated measurement correlation technique [13]. Figure 7 shows the results from the
correlation measurement from which the mask-induced LWR (LWR,,,,5x) can be determined using the equation

LWRmask =R x LWRmeas (l)

where R is the linear correlation coefficient and LWR,, is the total measured LWR. From the results in Fig. 7, we
determine the mask-induced LWR to be 1.60 nm from which we subtract the expected pattern contribution of 1.48 nm in
quadrature, yielding a roughness-induced LWR of 0.62 nm. This compares quite well to the predicted LWR of 0.60 nm
based on the measured roughness characteristics of the mask.
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6. SUMMARY

The limits on EUV mask multilayer roughness have been investigated from a variety of perspectives related to mask
inspection and defectivity. The analysis leads to roughness requirements in the 50 to 100 pm range and is consistent with
previously presented lithographic analysis [6].

The characterization of mask roughness has also been studied, demonstrating a significant discrepancy between AFM
results and true EUV roughness as measured by actinic scattering. This is true for AFM of either the substrate or the
multilayer top surface.
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